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We present the results for the electric dipole amplitude for 'yN tt^'N at threshold at the 0{p^) level in SU/(3) chiral 
perturbation theory. We find that the SU/(3) results differ only slightly from the SU/(2) results. At the O(p^) level one 
encounters new, unknown counterterms to fix which one is likely to need the threshold photoproduction data themselves, 
thus losing predictive power. We suggest, instead, that the difference between the proton and neutron tt" photoproduction 
amplitudes may provide a test of the convergence properties of the xPT in the present context. We urge that the neutron's 
electric dipole amplitude be measured. 
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I. INTRODUCTION 

The one-loop O(p^) contributions in SU/(2) chiral per- 
turbation theory (xPT) to the photoproduction rates at 
threshold of neutral pions from nuclcons are known |^] 
to lead to a large, positive contribution. Experimentally 
however the electric dipole amplitude Eq+ is found to 
be negative and fairly well described by tree-level con- 
tributions 1^ . This situation is somewhat of an embar- 
rassment for xPT. Bernard, Kaiser and Meifiner have 
argued that the Eq+ has a slowly convergent, perturba- 
tive expansion, having recently calculated jj] the one- 
loop 0{p^) contributions. However at this order ultra- 
violet divergences appear in the loop evaluations which 
are renormalized by the further contribution of unknown 
"counterterms" that enter the chiral Lagrangian at this 
order (one each for the proton and the neutron, reflecting 
the separate isoscalar and isovector coupling of the pho- 
ton) . Hence formally there is no prediction fcom xPT for 
the electric dipole amplitudes at this order Jj 

The work of Refs. |]l| and [Q were within the frame- 
work of SU/(2) xPT. In the present work we explore the 
results of including strangeness. We restrict ourselves to 
only the one-loop 0{p^) level, where xPT makes unam- 
biguous predictions for the electric dipole amplitude (at 
threshold) . The motivation for this analysis is the obser- 
vation that in other electromagnetic processes that have 
been studied at the one-loop level in xPT |^,||, there is 
a tendency for the kaon and pion loops to cancel par- 
tially. As we will see however, this does not occur in the 
present case. We believe that whether the chiral expan- 
sion is in fact converging either in the SU/(2) sector or 
in the SU/(3) sector is an open question. 



We suggest a test of convergence of based on the pre- 
dicted difference between the ^ + p — > tt" + p and (as 
yet unmeasured) 7 -|- n ^ 7r° -I- n amplitudes. Unlike the 
individual amplitudes this difference has a well behaved 
perturbative expansion at the one-loop O(p^) level. 

An important component of the strangeness program 
at CEBAF involves kaon and eta meson production. As 
in the case of tt" photoproduction, at 0{p^), SU/(3)chiral 
perturbation theory makes predictions for threshold K'^ 
and rj photoproduction rates (although once again the 
issue of convergence arises). These rates however require 
a special handling of resonances which are known ||^,|| to 
play an important role.l!] Because the tt" photoproduction 
amplitudes are thus in many ways cleaner and already 
involve distinct theoretical issues that can be precisely 
formulated, and because of the experimental interest in 
the subject, we have chosen to present here the results 
for pion production amplitudes only and will defer ad- 
dressing the strange meson production to a subsequent 
paper. 

The remainder of this paper is organized in the fol- 
lowing manner. In section (II) we review the tree-level 
contributions, emphasizing the role 1^ that the relativis- 
tic theory plays in xPT in determining the OijP') am- 
plitudes. In section (HI) we present the one-loop, 0{p^) 
results as well as the full expression for the electric dipole 
amplitudes at this order in SUf{?>) xPT. In section (IV) 
we discuss these results and their theoretical and experi- 
mental implications. We also describe our proposed test 
of convergence of the theory using the amplitude differ- 



*In the work of Bernard et al, a model employing res- 
onance saturation was used to estimate the residual finite 
pieces of the unknown "counterterms" , from which they thus 
were able to fit the data reasonably well. 



^The relevant resonances are 1/2" states such as the 
5ii(1535) in the case of rj photoproduction. The 3/2^ states 
such as the A(1232) first enter at tree-level at O(p^). Their 
contribution is though numerically suppressed relative to the 
nucleon's anomalous magnetic moment terms. Since the main 
issue involves the 0{p^) one-loop contributions, we will here 
follow Ref. M and keep only the nucleon explicit. 
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ence Eq+ (7 + p — > 7r° + p) -Eq+ (7 + n ^ 7r° + n) 
tion (V) contains our conclusions and outlooks. 



II. TREE LEVEL CONTRIBUTIONS 

The amplitude for threshold neutral meson production 
can be written as M 



Sec- anomalous magnetic moments of the proton and neutron 
in terms of which kd = — |k„ ~ 2.87 and Kp — Kp + 
^Kn « .84. 

In the heavy-baryon expansion of xPT pO[ | in which all 
negative energy states of the nucleon are absorbed into 
higher-order terms of the chiral expansion, Cq^ above 
becomes 



M = iHS -eCiH, 



in terms of which i?o+ is defined as 



Eq+ — 



87r(l + m/A%)' 



(1) 



(2) 



where m is the produced meson's mass, the nu- 

cleon mass, is the photon polarization vector and 
5^' = ^75(7^ — i)Vu) is the transverse spin operator de- 



fined in Ref. |1C| ] and in which v is the nucleon's four 
velocity. Note that a Taylor expansion of the above de- 
nominator is required in the chiral expansion of £^0+ • The 
tree-level contributions through 0{p^) are determined H] 
from the relativistic theory. These are shown in Fig. (1). 
The 0{p^) term is evaluated using the lowest-order terms 
of the relativistic Lagrangian: 



N 



Cl^ ^ TrB{i p - Mb)B + 

DTrB-i^-f^{A^, B} + FTrB-f^^-f^iAf,, B] 



f2 



arrM(S + E^), 



in which, ^ = e'^/-^' , S = ^2 ^ g^^Tr/f^ ^ 
D^'B= d^'B + [V^',B]. 



(3) 



(4) 



(5) 



The definitions of the mass matrix, Af , and the octet 
meson and baryon fields are, by now, standard, and can 
be found, for example, in Ref. [0. 

The 0{p^) tree-level contribution is a combination of 
two terms. The first is from the aforementioned Taylor 
expansion of the denominator in Eq. (|^) with the 0{p^) 
numerator. The second is from the photon's anomalous 
magnetic moment couplings with the nucleon in Figs, 
(la) and (lb). 
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{KDTrBa^,F^"'{Q,B} 
+KFTrBa^,Ft"'[Q,B]) 



(6) 



Q in the above is the charge matrix of the u, d and s 
quarks. The coefficients kd and kf must be determined 
from data, to wit one can use as input the measured 



= iTrByV ■ DB^ + 

2DTrB:Si;{Af, ,B,} + 2FTrKSi: [^^ ,B,]. (7) 

The nucleon's propagator is given directly to be i/{v-k + 

The 0{p^) tree- level contribution to neutral pion pho- 
toproduction in the heavy baryon expansion arises from 
the following term in Cl |Tc| ], 



f2TrB,S. ■ Dv ABy e Cl 



(8) 



Bernard et al ^ determined the coefficient /2 by match- 
ing with the amplitude obtained in the relativistic theory. 
The legitimacy of the procedure relies on the fact 0] that 
in the relativistic theory acceptable "counterterms" {i.e. 
that are Hermitian and CPT invariant) enter Eq+ first 
at OIp"^) only and not at a lower leveLH 

The fact that /2 is determined from the relativistic the- 
ory is worth emphasizing. If this was not the case and 
/2 was a free parameter, then, in fact, there would be no 
prediction from chiral perturbation theory of pion photo- 
production as the latter would be the source of fixing this 
now free parameter. However this is not the case because 
the heavy baryon expansion is ultimately merely a reor- 
ganization (albeit an admittedly highly convenient and 
often more transparent one) of the full relativistic the- 
ory. In the relativistic theory the loop expansion does not 
correspond in a one to one fashion with the chiral expan- 
sion [|l3| as it does in Weinberg's power counting method 
p^ . Instead, because the nucleon's mass is explicit in the 
theory, it generates terms at lower orders in the chiral ex- 
pansion as well as to/M^v corrections to all order. This 
fact however must ultimately be said to be only a com- 
plicating feature of the relativistic formulation. The key 
feature is that the chiral power of the Mjv independent 
term generated by the loop expansion in the relativis- 
tic theory is the same as in the heavy baryon expansion. 



"^This last point may not be obvious at first. For example one 
may consider adding the following CPT invariant, Hermitian 
pair of terms to the relativistic theory: 
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-i _P75 4 -I- 75 4* - 



B. 



(9) 



However such terms are completely absorbed by a chiral ro- 
tation of the nucleon field B' = (1 -|- 75 /l)B. Explicit 

evaluation also shows that the graphs of Fig. (1) are indepen- 
dent of g2 provided that the axial Noether current has been 
constructed including the effect of the new interaction term. 
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As in any perturbative expansion, the coefRcients of the 
lower order terms always must be readjusted when going 
to higher order in the expansion and hence whether they 
formally contain pieces proportional to Mjv is irrelevant. 
The role of any term ~ (m/Mpf)" generated from the 
relativistic loop expansion is included in a heavy baryon 
expansion provided all permissible terms of the specified 
chiral power are included. Therefore, while the explicit 
elimination of the nucleon's mass is a greatly simplifying 
feature of the heavy baryon expansion, the relativistic 
theory is nevertheless essential. The determination of /2 
by Bernard et al illustrates this point. 

Having now reviewed their origin, we conclude this sec- 
tion by listing the tree-level contributions through OijP') 
in xPT for the neutral pion photoproduction from nucle- 
ons: 



rptree 
^0+ 



e: 



0+ 



{in - 



vr"p) 
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(10) 



In the above, /i^r = fn-^ /Mf^, D + F — qa — 1-26 and 
Kp = 1.79 and k„ = —1.91 are the anomalous magnetic 
moments of the proton and neutron, respectively. 



III. ONE LOOP, 0(P2) RESULTS 

The six nonvanishing, 0{p^) 1-loop graphs for neutral 
pion photoproduction from a proton is shown in Fig. (2). 
We note that the graphs resulting from the higher order 
expansion of the axial current (i.e. the three pion term 
of A^^) vanish due to SUf{3) group factors. These graphs 
have not been exhibited. For a similar reason, explained 
later, the analogs of graphs of Figs. (2c) and (2d) with 
charged pion in the loop have not been exhibited. In Fig. 
(2) the sum of each graph and it's corresponding crossed 
graph is ultraviolet finite. Working in the nucleon's rest 
frame suitably choosing the loop momentum k in each 
of the two graphs one obtains expressions identical in 
all respects except the baryon propagator which appears 
as form l/(±u • k + iij). Hence, only the iTT6{v ■ k) term 
contributes in the sum of the two graphs yielding ultravi- 
olet finite results. Picking up the baryon poles and then 
using dimensional regularization [T^ for evaluating the 
remaining three Euclidean space integrals allows for the 
simplest evaluation of the graphs (taken pairwise). For 
example, the two graphs in Fig. (2c) and Fig. (2d) give 
the following contribution to the transition amplitude T, 
Eq. (I): 



-leFrriTr 



eF 

= —iHS ■ eH- — TTTrriT, 



-1 / 

1 



TO'i. — m?. H —sin 



(11) 



yielding a contribution to the amplitude Eq+ of: 

eF 



^/''"'(tp- A) 



K 



(12) 



The contribution of Figs. (2a) and (2b) can be ob- 
tained from the above by making the obvious substitution 
rriK rriTr and also replacing by D -I- to account for 
the different SU/(3) couphngs. 

Proceeding similarly, the two graphs in Figs. (2e) and 
(2f) give the contribution 

A^f+°°''(7P- A) 

eF f d^k S{v ■ {r + k))v {r - k) 



iHS-eH- 



V'.J (2^)^ 



fc2 



^iHS-eH 



eF 



(13) 



From this expression it is obvious that the summed con- 
tribution from the analogous two graphs with a charged 
pion propagating in the loops is zero. 

Summing the two classes of kaon loop contributions 
gven by Eqs. ([l^) and ( [l3| ) we obtain the following con- 
tribution to the Eq+ amplitude: 

</'°°P(7P - ^°p) + </°°^(7P -> ttV) = 

eF 

54^2 j3 ^ fimK,m^), (14) 
where the function J{mK,'m.,j) is given by 
-1 / _ 



m, 



(15) 



This resulta agrees with the result reported by Steininger 
et al. |l|.l 

Combining these results with the tree-level contribu- 
tions of Eq. (p^), one obtains that the complete 0{p'^) 
expression for threshold pion photoproduction from nu- 
cleons in St// (3) xPT is: 



M 



KK loop 



0+ 

leF . 



-H 



d*k S{v ■ k) V ■ {r + q) S ■ k e ■ k 



n J (2^)3 (fc' 

-leFniT^ 



4^3/3 



H / (Fk- 



m],){{q + kf- 
S ■ ke • k 



m|.) 



H 



(fc2 



){k^ + 2q- k + m 



H 



^An earlier version of thfi^present paper had an error which 
was pointed out in Ref. pM. 
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^0+ {iP 7r"p) 



egA 



2 16/2 gj, 8vr/2 



Eq+ (771 Tr'^n) — 



2 Kri _ TO^ _ F - D m^f{mK,mT,) 
2 16/2 167r/2 



IV. DISCUSSION 



(16) 



(17) 



0{p^) is —3.3 X 10 ^/mjr+ and the total contribution 
of the 0(p2) is 0.8 X 10-3/m^+. There is a distinct 
tendency towards convergence. It is legitimate to hope 
that the higher chiral power terms, which are suppose 
to cancel out the one- loop 0{p^) terms in the individ- 
ual amplitudes, do not contribute much to the differ- 
ence. Then comparing the predicted value of Eq. ( [20| ) 
with experiment will constitute a test of xPT. If the 
amplitude is truly convergent the numerical value of 
w —2.5 X 10~'^/to^+ should compare well with the ex- 
perimental data, something which cannot be claimed for 
the results of Eqs (|l|) and (^. 



According to a recent analysis Q of the world's data 
1^ the current best value of Eq+ (jp 7r"p) is ^ —1.5 x 
lO^'^m"^. The numerical values of the various contri- 
bution to the photoproduction amplitudes are listed be- 
low. The kaon loop contributions are calculated by using 
F = 0.4 and D = 0.86. The values are listed in the same 
order of appearance as that of the terms in Eqs (Hq) and 

©• 

£^0+ {iP 7r%) = (-3.28 + 1.13 + 3.01 + 0.11) 

xio-V;;! (18) 

£^0+ (in 7r%) = (0 + .45 + 3.01 - 0.07) 

xlO^^m;;^ (19) 

As mentioned earlier the total tree level result for 
Eq+ (jp 7r°n) is reasonably close to the experimental 
value. The one-loop result involving pion is of the same 
size as the tree level result and upon adding it one gets 
an amplitude with wrong sign. The kaon loop contribu- 
tion is negligible and consequently does not help matters. 
There is distinct indication that xPT is not converging 
in the present situation. 

It has been suggested [Q that in SU/(2) theory con- 
vergence sets in at 0{p^) or at an even higher order. The 
same suggestion presumably applies to the SU/(3) the- 
ory too. Of course, in both cases one encounters new, 
unknown counterterms. One is likely to need the thresh- 
old photoproduction data themselves to fix these terms. 
Thus one loses predictive power. 

We suggest that the difference between the proton and 
neutron tt*^ photoproduction amplitudes would provide a 
test of the convergence properties of chiral perturbation 
theory The SU/(3) result for the difference at 0(p2) 
level is 



Eo+ {iP 7r°p) - Eq+ ("fn 7r°n) \suf 



(3) 



egA 



A^TT - fin- 



2 16^/2 
(-3.28 + 0.68 + + 0.17) x 10"^/m^+ 
« -2.5 X 10-3/m^+. 



(20) 



V. CONCLUSIONS 

It is known that the tree level result at 0{p^) of SU/(2) 
chiral perturbation theory result for the Eq+ (yp — > n^p) 
amplitudes is in fair agreement with the experimental re- 
sult. But addition of one-loop 0{p^) contribution spoils 
the agreement radically, to the extent of changing the 
sign of the amplitude. Since kaon and pion loop contri- 
butions tend to cancel each other in magnetic moment 
calculation, we examined if a similar situation occurs in 
neutral pion photoproduction amplitude. We find that 
contrary to the expectation, extension from SU/(2) to 
SU/(3) theory makes very little change. In fact, it makes 
the disagreement with the data marginally worse. 

The radical change produced by the one-loop 0{p^) 
contribution raises questions about convergence of the 
theories. One may speculate that convergence sets in 
at higher chiral power. We find that this speculation 
leads to a testable prediction for the amplitude difference, 
-^0+ ilP ^ '^'^p) ~ Eq+ (771 TT^ri) . It is reasonable to 
expect a convergent result at the 0{p^) level. Specifically, 
the prediction for the difference amplitude is ^ —2.5 x 
10^'^/™^+. An experimental test of this prediction will 
shed light on the convergence issue. 

This discussion makes clear that it is important to ob- 
tain experimental data on 7r° off neutron. Such experi- 
ments are being considered at CEBAF. 
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The last but one line gives the breakdown according 
to the various contributors. We see that the value at 
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FIG. 1. The tree-level graphs that contribute to neutral 
pion photoproduction through 0{p^) in the relativistic the- 
ory. These are reduced to seagull terms in the heavy baryon 
formulation. 



FIG. 2. The six lowest order, one-loop contributions to 
neutral pion photoproduction from a proton in SU / (3) xPT. 
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